In this study, the CuIn1-xGaxSe2 nano-particles were prepared using the solution growth technology. The effects of [Ga]/[In+Ga] molar ratios in samples on the structural, electrical, and optical properties of the samples was investigated. X-ray diffraction patterns of samples revealed that the as-prepared samples are the chalcopyrite phase with preferential orientation of (112) crystal plane. The average particle size of samples obtained from the transmission electron microscopy is 10.73 nm after the 10 min. reaction in the solution. The direct energy band gap of thin films were in the range of 1.01~1.27 eV, depending on [Ga]/[In+Ga] molar ratio in samples. The performance of dye-sensitized solar cells with the CuIn1-xGaxSe2 as the counter electrode was also investigated. The maximum solar to electrical power efficiency of dye-sensitized solar cells using the CuIn1-xGaxSe2 as the counter electrode approached of 5.57 %.
Introduction
Dye-sensitized solar cells (DSSCs) have been extensively studied in recently years because of their attractive benefits such as high cell conversion efficiency, low cost and easy preparation procedures [1] . The commercial DSSCs are consisted of a nanocrystalline TiO2 /dye photo-anode, electrolyte, and a counter electrode (CE). The commercial platinum (Pt) nano-particles deposited onto a transparent conducting glass (TCO) such as indium doped tin oxide (ITO) in DSSCs shows the excellent electrocatalytic ability, high chemical stability and good electrical conductivity in electrolyte [2] . However, the costs of DSSCs using the Pt as the counter electrode limit their industrial applications. Several possible materials, such as carbon-based materials [3] , conducting polymers [4] and transition metal sulfides / selenides [5] have been investigated.
Among these new materials, the metal selenides such as CuIn1-xGaxSe2 (CIGSe) has increased attention in the thin-film solar cell and DSSCs [6] . Laboratory-scale thin-film CIGSe solar cells with an efficiency as high as 20 % have been reported [7] . The CIGSe also received much attentions because of its excellent electrocatalytic ability in DSSCs. Lin et al. [8] reported the cell performances of DSSCs using the Ga rich-CIGSe quantum dot at the TiO2 photoelectode reached as high as 8.02%.
In this study, we prepared the CIGSe CEs with various [Ga]/[In+Ga] molar ratios in samples by using the drop coating of nano-CuIn1-xGaxSe2 nano-particles The various CIGSe CEs on the structural, optical and molar ratio are characterized by X-ray diffractometer (XRD), Energy-dispersive analysis of X-ray (EDAX) and UV-Vis-NIR spectrophotometer. The cell performance of DSSCs using the CIGSe and Pt CEs was verified by J-V curves under 100 mW cm -2 light illumination from a solar simulator.
Experiments
The synthesis of CIGSe nano-particles was carried out using solution growth method. ] in reaction solution bath was verified to study its effect on the preparation of CIGSe nona-particles. The cationic and anionic solutions were separately prepared before the CIGSe particle growth. Both cationic and anionic solutions were used ethanol as the solvent. The 24 mL of ethanol bath, which was well stirred, contained 9.6 mmol Se powders and 14.4 mmol NaBH4 to form the Se 2-anionic precursor solutions. When the Se powders contact with NaBH4 in solution, the following reactions would take place:
The 18ml ethanol bath containing 0.8 mmol Cu(NO3)2, 8-3.2mmol In(NO3)3 and 0-4.8 mmol Ga(NO3)3 was used as cationic solution. The cationic solution added into the anionic solution and mixed well. The reaction was carried out in a nitrogen environment at a temperature of 70 o C. The detail copper to indium ratios in the reaction bath for the preparation of CIGSe nano-particles were shown in Table 1 . After the reaction in the solution bath, the CIGSe nano-powders were rinsed with ethanol and acetone several times and dried in an oven with temperature kept at 70 .
The microstructures of CuInS2 nano-particles were investigated using a transmission electron microscope (TEM, JEOL JEM-1230). The crystallographic study of samples was investigated using an Xray diffractometer (Siemems D5005) with CuKα (λ = 1.5405 Å) and Raman spectrometer (Protrustech, UniRaman, YAG laser 523nm). The X-ray diffraction (XRD) patterns were recorded in the 2 range of 20 to 80º. The compositions of the samples on glass substrates were analyzed using a scanning electron microscope (SEM) equipped with energy dispersive analysis of X-ray (EDAX, model Hitachi S-3000N). The spectral transmittance and reflectance of the samples were measured using a UV-Vis-NIR spectrophotometer with an integrating sphere (JASCO Model V-670).
The fabrication process of electrolyte and photoelectrodes in DSSCs is similar with those reported in the literature [5, 9] . For the preparation of CIGSe CEs, the indium-doped tin oxide (ITO, sheet resistance = 10 -sq -1 ) coated glass substrates were used as the CEs substrates in DSSCs. The solution (PEDOT:PPS: DMSO: ethanol= 47.5 % : 5% : 50%) mixed with the CIGSe nano-particle was used for the preparation of CEs. The weight percent of CIGSe nano-particles in the solution was kept at 10 %. The CEs in DSSCs was prepared by using the drop dipping into the solution containing CIGSe nano-particles. Cell conversion efficiencies (η) of DSSCs with different Ga contents in CIGSe CEs were measured by potentiostat/galvanostat under 100 mW cm -2 light illumination by a solar simulator (XES-301S, AM1.5G, San-Ei Electric Co., Ltd., Osaka, Japan). And the incident light intensity was calibrated with a standard Si cell (PECSI01, Peccell Technologies, Inc., Kanagawa, Japan). Table 1 . In order to find the optimal reaction time for the synthesis of CIGSe nano-particles, the samples with the molar ratio of [Ga]/[In+Ga] kept at 0 (sampe A') and reaction time kept in the range of 50-900s was used to examine the possible reaction time. Figure 1 shows the TEM image of sample (A') after the 10 min. reaction in solution, the average particles size of 10 nm for sample could be observed. The reaction time of all samples was kept at 10 min. Figure 2 shows the XRD patterns of the CIGSe nano-powders prepared in this study. All samples are the chalcopyrite CIGSe phase with preferential orientation of (112) crystal plane. With an increase in the [Ga]/[In+Ga] molar ratio of samples, the peaks in XRD patterns of samples shifted to high angle because the ionic radius of Ga 3+ (0.62 Å) is smaller than that of In 3+ (0.81 Å) [10] . In order to understand the crystal phases of CIGSe nano-particles, the Raman spectrometer was employed in this study. Figure 3 shows the Raman shift of samples in this study. The Raman studies showed three bands at 170-180 cm -1 , 226 cm -1 and 258-270 cm -1 in the Figure 3 , corresponding to the CIGSe, InSe and CuxSe phases. [11] . Table 1 Figure 4 shows the linear dependence of ( h ) 2 on hv for all samples, respectively. Table 1 shows the energy band gaps of samples obtained from Figure 4 . They are in the range of 1.01-1.27 eV, which agree the values reported in literature [ 11] . Figure 5 The photovoltaic parameters are list in Table 1 . The best cell performance of CIGSe as CEs in DSSCs achieved 5.57 % with the VOC, FF, and JSC being 826 mV, 0.56, and 12.36 mAcm -2 , respectively. The standard DSSC with Pt as the CE under the same measurement condition was also shown in Figure 5 . The DSSCs using the CIGSe as the CEs had larger Voc than that of DSSC using Pt as CE. Since the resistances of DSSCs using CIGSe as CEs are larger than that using Pt as CE, The development of samples preparation carry out in future. 
Conclusion
In this study, the CuIn1-xGaxSe2 samples were prepared using the solution growth technology. All samples are the chalcopyrite phase with preferential orientation of (112) crystal plane. The average particle size of samples obtained from the transmission electron microscopy is 10.73 nm after the 10 min. reaction in the reaction solution. The best cell performance of DSSC using CIGSe as CEs achieved high 5.57 % with Voc of 826 mV, Jsc of 12.36 mA cm -2 , and FF of 0.56.
